It is worth noting that most of the extended frameworks based on SCC clusters were synthesized under one-pot solvothermal conditions, in which the clusters were in situ formed and acted as nodes for the construction of extended frameworks. Therefore, it is difficult to control the synthesis of the in situ formed clusters and the overall frameworks by the onepot synthesis routes. Recently, we have developed a stepwise assembly approach for the design of semiconducting 1D and 3D coordination polymers by joining SCC clusters of Cd 8 S (SPh) 14 (DMF) 3 or Cd 6 Ag 4 (SPh) 16 (DMF) 4 with rigid bipyridines.
Interlinking supertetrahedral chalcogenolate clusters with bipyridines to form two-dimensional coordination polymers for photocatalytic degradation of organic dye † 16 (DMF) 3 Supertetrahedral chalcogenide and chalcogenolate (SCC) clusters are of great current interest because of their unique molecular structures, size-dependent semiconducting properties, and photocatalytic behaviours. [1] [2] [3] [4] [5] [6] [7] In particular, SCC clusters are capable of self-assembly with the formation of extended open-frameworks, exhibiting novel optical and electronic properties that are different from those of individual clusters and bulk chalcogenide materials. 8, 9 Vertex-linking of individual SCC clusters through the chalcogen atoms is a general assembly approach to build the extended frameworks, which have potential applications in fast-ion conductors, 10 molecular sieves, 11 semiconductors, [12] [13] [14] [15] [16] photocatalysis, 17 etc. In this context, a range of covalently bonded open-frameworks have been successfully constructed from various SCC clusters. For example, Feng and co-workers reported a range of M-M′-E (M = Ga, In; M′ = Ge, Sn; E = S, Se) SCC clusters into zeolite analogs of microporous and photoluminescent chalcogenides, which are efficient visible-light photocatalysts for hydrogen generation from water. 18, 19 Kanatzidis and co-workers designed the reaction of SCC clusters [M 4 E 10 ] 4− (M = Ge, Sn; E = S, Se) with Pt 2+ and formed porous semiconducting gels and aerogels. 20 On the other hand, the principles of coordination chemistry and reticular chemistry have been recently applied in the assembly of SCC clusters into coordination polymers, in which the SCC clusters are interlinked with multifunctional organic linkers. [21] [22] [23] [24] [25] [26] [27] [28] It is worth noting that most of the extended frameworks based on SCC clusters were synthesized under one-pot solvothermal conditions, in which the clusters were in situ formed and acted as nodes for the construction of extended frameworks. Therefore, it is difficult to control the synthesis of the in situ formed clusters and the overall frameworks by the onepot synthesis routes. Recently, we have developed a stepwise assembly approach for the design of semiconducting 1D and 3D coordination polymers by joining SCC clusters of Cd 8 S (SPh) 14 (DMF) 3 or Cd 6 Ag 4 (SPh) 16 (DMF) 4 with rigid bipyridines. 35, 36 Obviously, the stepwise assembly approach offers opportunities for the design of such coordination polymers with tailored topologies and properties at the molecular level by controlling the molecular size and composition of the SCC clusters, shape and rigidity of the organic linkers, and their spatial arrangements. Herein, we present the stepwise assembly approach with the capability of dimensional control for the formation of 2D coordination polymers built from discrete clusters of Cd 6 Ag 4 (EPh) 16 (DMF) 4 (E = S, Se) and a flexible ligand 4,4′-trimethylenedipiperidine (tmdp). The obtained hybrid materials show tunable band gaps and efficient photocatalytic activities for the degradation of organic dye in aqueous solution. SCC clusters, serving as building blocks, have significant influences on the structures and properties of the corresponding coordination polymers. Therefore, it is highly desired to isolate different SCC clusters with well-defined structures and compositions as building blocks for the design of novel coordination polymers. Ternary SCC clusters are of great interest because of their unique heterometallic structures. Doping hetero-metal atoms into the binary clusters will change the coordination environment and bond structure of original metal-chalcogen bonds that may create ternary clusters with novel crystal structures and photoelectric properties. In comparison with binary SCC clusters, the synthesis of ternary SCC clusters is much more difficult due to the lack of suitable binary precursors. 8 ] n (E = S, Se) with coin metal complexes for the syntheses of the ternary chalcogenolate clusters and the stepwise assembly for the coordination polymers. Obviously, the stepwise assembly approach applied in this study has several advantages compared with one-pot solvothermal reactions. First, the use of cluster 1 and 2 with welldefined crystal structures as building blocks allows prediction of molecular and topological structure of the obtained coordination polymers. In addition, the peripheral phenyl groups and the coordinated solvent molecules not only stabilized the core structure of the clusters but also render them good solubility, which allows the reaction of the clusters with organic linkers in a solution process. Moreover, the four terminal coordinated solvent molecules in the clusters can be easily substituted by bipyridine ligands containing strong electron donors of sp 2 N atoms. Given these advantages, two coordination polymers Cd 6 Ag 4 (EPh) 16 (tmdp) 2 (E = S 3; Se 4) were successfully synthesized by the stepwise assembly of cluster 1 and 2 with the flexible linker tmdp in DMF at room temperature. The crystal structures of the clusters and the coordination polymers were determined by single crystal X-ray diffraction (XRD) analyses. In addition, powder XRD analyses have confirmed the purity of the synthesized crystals (ESI, Fig. S1 †) . The thiolate cluster 1 and the selenolate cluster 2 are isostructural, crystallized in the same space group P1. As displayed in Fig. 1 and Fig. S2 , † the core structure of 1 consists of six cadmium and four silver atoms connected by twelve μ 2 -PhS DMF molecules occupy the four terminal positions to form a supertetrahedral structure (T3, M 10 X 20 } (M = Zn, Mn), 44 in which metal atoms with lower valence were located inside the structures. Coordination polymer 3 and 4 are isostructural, crystallized in the same space group C2/c. The thiolate cluster 1 and the selenolate cluster 2 served as secondary building units in 3 and 4, respectively, while tmdp interlinked the clusters to form the coordination polymers. The linker tmdp usually has four different configurations (TT, TG, GG and GG′) 45 because of the flexible and rotatable trimethylene -(CH 2 ) 3 -chain. In the case of 3 and 4, it adopted a TG configuration with an average N⋯N distance of 8.451 Å and resulted in the (4,4)-connected 2D open frameworks (Fig. 2) . In comparison, the use of a rigid and linear linker of trans-1,2-bis(4-pyridyl)ethane (bpe) interlinking cluster 1a resulted in a 3D diamond-like structure of Cd 6 Ag 4 (SPh) 16 (DMF) 4 (bpe) 2 , which was reported in our previous study. 36 Theoretically, tuning the molecular ratio between the cluster and the linear linker that form subunits of two-and one-connected clusters could construct 1D and 0D coordination polymers, respectively. Fig. 2 shows the crystal structures of coordination polymer 3 and 4. Each cluster in 3 is four-connected by tmdp linkers through the coordination bonds of Cd (cluster)-N (tmdp) with an average bond distance of 2.336 Å. As a result, a wavelike (4,4)-connected network is formed. The single network shows a zig-zag chain structure from the side view in the a direction, while it represents a straight chain structure containing channels from the side view in the b direction. Meanwhile, the overall framework consists of two-fold interpenetrated layers (Fig. 3) . Because of the large molecular size of the clusters, the distances between the layers in 3 and 4 are 27.496 and 28.122 Å, respectively, which are significantly larger than those of other 2D materials, such as graphite (3.35 Å), layered metal-organic framework [Cu(BF 4 ) 2 (bpy) 2 ] (bpy = 4,4′-bipyridine) (4.6 Å), 46 and covalent organic framework-LZU1 (3.7 Å). 47 The large layer distance in 3 and 4 indicates the weak interactions between the layers that may facilitate exfoliation of the bulky materials into single-or few-layer nanosheets for the design of novel 2D nanomaterials. Thermogravimetric analysis (ESI, Fig. S4 †) indicates that cluster 1 is stable up to 320°C. The high thermal stability of cluster 1 can be attributed to the relatively strong covalent bonds of metal-sulphur. In comparison, coordination polymer 3 possesses a lower thermal stability because of the weaker coordination bonds between the clusters and the linkers (Fig. S4 †) . It started to decompose at 200°C and the weight loss between 200 and 280°C can be ascribed to the decomposition of the organic components of phenyl groups and tmdp Fig. 2 View of the 2D network of coordination polymer Cd 6 Ag 4 (SPh) 16 (DMF) 4 (tmdp) 2 (3) from different directions.
molecules. The further weight loss between 280 and 440°C can be attributed to the decomposition of core structure of the cluster with the loss of sulphur species. The thermal decomposition residues of 1 and 3 were analysed by XRD (ESI, Fig. S5 †) and determined to be ternary compounds of CdS-Ag, suggesting that the clusters and the coordination polymers can be employed as single precursors for the preparation of corresponding ternary Cd-S-Ag nanocrystals.
The optical absorption spectra of the clusters (1, 2) and the coordination polymers (3, 4) were measured in the solid-state using a diffuse-reflectance method. As shown in Fig. 4 , the thiolate cluster 1 has an adsorption onset at 400 nm and the onset of the selenolate cluster 2 shifts to a larger wavelength of 426 nm, indicating that they are semiconductors with bandgaps of 3.10 and 2.91 eV, respectively. The red-shift from the thiolate to the selenolate cluster was observed in other chalcogenolate clusters 48 and their bulk materials (CdS: 2.42 eV;
CdSe: 1.70 eV). Compared with the isolated clusters, the corresponding coordination polymers 3 and 4 show much greater absorptions with red-shifted absorption onsets of 408 nm (3.04 eV) and 441 nm (2.81 eV), respectively, which can be attributed to the charge transfer between the clusters and tmdp linkers. It clearly shows that the band gap of such hybrid coordination polymer is mainly dependent on the molecular structure, size, composition of the clusters and the type of organic linkers, suggesting that it is possible to finely tune the band gap by control of the clusters and the linkers. On the basis of the semiconducting behaviours and strong UV/vis absorption of the clusters and the coordination polymers, we expect them to be active photocatalysis materials. Hence, they were tested as heterogeneous photocatalysts for degradation of rhodamine B (RhB) in an aqueous solution. The catalyst was first mixed with the dye solution and then illuminated by visible light. As expected, the red dye solution quickly faded to pink and finally turned to colourless. Fig. 5 illustrates the results of the photocatalytic degradation experiment. Coordination polymer 3, based on thiolate cluster, reduced the concentration of RhB by 98% after illumination for 30 min. In contrast, no degradation was observed in the absence of the catalyst. Noteworthy, the characteristic absorption band of RhB at 555 nm was gradually blue-shifted to 526 nm during the photocatalytic process, which can be explained by the decomposition of the conjugated structure of RhB molecules. 49 Given the wider visible absorption of 4 than of 3, we expected that 4 could be a more efficient photocatalyst. However, 4 is less active than 3 for the photocatalytic degradation of RhB (ESI, Fig. S6 †) . Under the same photocatalytic conditions, 4 only reduced the RhB concentration by 70% after illumination for 30 min and that it took up to 150 min to remove 95% of the dye molecules from the solution. The relatively low photocatalytic efficiency of 4 can probably be attributed to the weak water-stability of the selenolate cluster and the corresponding coordination polymer. In addition, the stability and the cycle performance of the catalysts were evaluated under the photocatalysis conditions. It was found that the crystalline structure of the catalyst 1 was significantly affected during the photocatalysis test that the ternary cluster probably converted into individual cadmium and silver thiolate compounds (Fig. S7a †) . Noteworthy, the recycled catalyst retained efficient photocatalytic activity, indicating good cycle performance of the catalyst for photocatalytic degradation of the dye solution (Fig. S7b †) . To conclude, ternary cadmium-silver-thiolate and -selenolate clusters with supertetrahedral shapes were isolated and further interlinked with bipyridines for the formation of novel coordination polymers exhibiting semiconducting and photocatalytic behaviours. The stepwise assembly method applied in this study offers opportunities to control the spatial arrangement, dimension, and relevant properties of the coordination polymers. The band gap of the coordination polymers were significantly influenced by the composition and structure of the cluster as well as the molecular structure of the linker. In this context, the band gap of such coordination polymers can be finely controlled by the molecular engineering approach. Future studies may focus on the design of photocatalytic and photoelectric devices based on these clusters and coordination polymers to exploit their practical applications. This study may open up an avenue for the development of novel functional semiconducting materials and devices using chalcogenolate clusters and their coordination polymers.
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